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Abstract—In this work, we study a practical resource allocation
(RA) scheme that considers heterogeneous services in OFDMA
femtocell networks. Heterogeneous services include guarantees
of the minimum data-rate for delay-sensitive (DS) users and
the fairness for delay-tolerant (DT) users. The RA problem is
formulated to maximize the total throughput of all femtocells
while satisfying the constraints of cross-tier interference and
heterogeneous services. To tackle this issue, we solve the problem
in three steps. First, we relax the fairness constraint of DT
users by introducing a new relaxation coefficient. Then, the
relaxed problem is addressed by using the Lagrangian dual
method. Finally, we develop an iterative algorithm for joint
power and resource block (RB) allocation. The proposed scheme
outperforms existing methods in terms of the complexity and the
total achievable throughput.
Index Terms—Femtocells, OFDMA, heterogeneous networks,
resource allocation, heterogeneous services, Lagrangian dual
decomposition method.
I. INTRODUCTION
The innovation of femtocell networks, in which each office
or home has its own base station, can help to achieve an
enormous capacity as well as improve the indoor coverage
situation [1]. A new communication model, called heteroge-
neous network (HetNet), is built from deploying femtocells
in the same licensed spectrum and area with the existing
macrocell. Because of the robustness to intracell interference
and frequency-selective fading, orthogonal frequency division
multiple access (OFDMA) is one of the major physical layer
access technologies for this new generation.
Heterogeneous services include minimum-rate guarantee for
delay-sensitive (DS) services including online games and voice
services and best effort for delay-tolerant (DT) services such
as file or mail sending. These services can request system
resources simultaneously. Therefore, it is more realistic to
consider these two services jointly in the resource allocation
problem. However, heterogeneous quality-of-services (QoS)
is rarely considered in the resource allocation problem in
femtocell HetNets because it makes the optimisation problem
more complicated and difficult to solve.
Several works do not consider any service as constraints in
the resource allocation problem [2]. Most of the existing works
consider the optimisation problem of total capacity with only
minimum data rate requirement of DS users [3] or fairness
between all users [4].
The lack of considering mixed services makes the resource
allocation problem simpler but less practical.
Fig. 1. Downlink OFDMA-based heterogeneous networks
Only a handful of papers have considered the mixed QoS
in the resource allocation problem in OFDMA networks
[5]. However, these resource allocation approaches cannot be
applied directly to femtocell networks due to lack of cross-
tier interference control that is critical in HetNets. As far as
our knowledge, the heterogeneous services have not been well
studied in femtocell HetNets.
In this research, we study the optimisation of total capacity
of femtocells in downlink OFDMA HetNets. Heterogeneous
services of femtocell users are taken into account, where
minimum data rate and fairness requirement are considered
for DS and DT users respectively.
II. SYSTEM MODEL AND PROBLEM FORMULATION
The system model of a downlink OFDMA HetNet and the
resource allocation problem are provided in this section.
A. System Model
We study downlink OFDMA HetNets as shown in Fig. 1.
Let {0} and {1, 2, ...,Kf} be the indexes of macro base station
and Kf femto base stations respectively. Uk is the number
of users served in femtocell k. We assume that femtocell
users require heterogeneous services and are divided into two
categories: delay-sensitive users with guarantee of minimum
data rate and delay-tolerant users with fairness requirement
[3]. The corresponding set of these users are denoted as DSk
and DT k respectively, where |DSk| + |DT k| = Uk and
DSk ∩ DT k = ∅.
Assume that there are N orthogonal resource blocks (RB)
of bandwidth W . Let ank,u be the resource block n and satisfies
the exclusive property:
ank,u =
{
1 if RB n is allotted to user u
0 if RB n is not allocated
Similarly, hnk,u and p
n
k,u denote the channel gain and the power
transmitted from base station k to user u on resource block
n. Furthermore, assume that the information of transmission
channel can be estimated accurately.
B. Problem Formulation
At receiver, the signal-to-interference and noise ratio (SINR)
at femtocell user u of femtocell base station k on resource
block n is as follows:
SINRnk,u =
hnk,up
n
k,u∑
j∈U0 a
n
0,jh
n
0,up
n
0,j + δ
2
= Hnk,up
n
k,u (1)
where
∑
j∈U0 a
n
0,jh
n
0,up
n
0,j is the cross-tier interference from
macrocell base station to femtocell user u and δ2 is the additive
white Gaussian noise power. The instantaneous data rate of the
femtocell user u on resource block n is written as:
rnk,u = log2(1 +H
n
k,up
n
k,u) (bit/s/Hz) (2)
The rate of femtocell user u of base station k on all resource
blocks is given as:
Rk,u =
N∑
n=1
ank,ur
n
k,u (bit/s/Hz) (3)
With the goal of optimizing the total capacity of all femto-
cells and satisfying the constraints of femtocell HetNets and
mixed services, the optimisation problem can be formulated
as follows:
max
a,p
Kf∑
k=1
Uk∑
u=1
Rk,u (4)
s.t. C1: ank,u ∈ {0, 1} ∀k, u, n
C2:
Uk∑
u=1
ank,u ≤ 1 ∀k, n
C3:
Uk∑
u=1
N∑
n=1
pnk,u ≤ Pmaxk ∀k
C4: pnk,u ≥ 0 ∀k, u, n
C5:
Kf∑
k=1
Uk∑
u=1
ank,up
n
k,uh
n
k,j ≤ Ithn ∀n
C6: Rk,u ≥ Rmink,u ∀u ∈ DSk,∀k
C7:
Rk,u∑
u∈DTk Rk,u
= γk,u ∀u ∈ DT k,∀k
where C1 and C2 are resource block allocation constraints, C3
and C4 are the power constraints with the budget power Pmaxk ,
C5 is the cross-tier interference limit constraint on resource
block n with the threshold Inth, C6 is the quality-of-service
constraint of DS users and C7 is the fairness constraint of DT
users. The fairness factor γk,u illustrates the fair allocation
of resources among DT users that satisfies
∑
u∈DT k γk,u =
1,∀k.
III. JOINT RESOURCE BLOCK AND POWER ALLOCATION
ALGORITHM
A. Fairness relaxation
To make the problem tractable, the equality constraint C7
needs to be relaxed into inequality constraints by introducing a
relaxation coefficient αf (0 ≤ αf ≤ 1). The fairness constraint
C7 is relaxed as follows:
(1− αf )γk,u
( ∑
u∈DTk
Rk,u
)
≤ Rk,u
≤ (1 + αf )γk,u
( ∑
u∈DTk
Rk,u
)
∀u ∈ DT k,∀k (5)
when αf << 1, the new constraint (5) is close to the original
C7.
To tackle the combinatorial issue of constraints C1 and C2,
we define a set of all non-negative pnk,u as D such that for
each resource block n, only one pnk,u is positive, i.e.,
D = {pnk,u : pnk,upnk,j 6=u = 0, pnk,u ≥ 0 ∀k, u, n} (6)
Then, the relaxed optimisation problem is rewritten as
follows:
max
p∈D
Kf∑
k=1
Uk∑
u=1
Rk,u (7)
s.t. C3:
Uk∑
u=1
N∑
n=1
pnk,u ≤ Pmaxk ,∀k
C5:
Kf∑
k=1
Uk∑
u=1
pnk,uh
n
k,j ≤ Ithn ,∀n
C6: Rk,u ≥ Rmink,u ∀u ∈ DSk,∀k
C8: (1− αf )γk,u
( ∑
u∈DT k
Rk,u
)
≤ Rk,u,∀u ∈ DT k,∀k
C9: Rk,u ≤ (1 + αf )γk,u
( ∑
u∈DT k
Rk,u
)
,∀u ∈ DT k,∀k
where constraint C8 and C9 are driven from (5).
B. Lagrangian dual decomposition
The transformed problem (7) can be solved by Lagrangian
dual decomposition method because there is a sufficient num-
ber of resource blocks [6]. The Lagrangian dual function of
the problem (7) is given by:
g(λ, ϑ, µ, η, ω) =
Kf∑
k=1
N∑
n=1
gnk (λ, ϑ, µ, η, ω)
+
Kf∑
k=1
λkP
max
k +
N∑
n=1
ϑ(n)Ithn −
Kf∑
k=1
∑
u∈DSk
µk,uR
min
k,u (8)
where (λ, ϑ, µ, η, ω) are the dual variables and
g
(n)
k (λ, ϑ, µ, η, ω) is independent optimisation sub-problem
and defined as (10). Applying the Karush-Kuhn-Tucker
conditions [7], let derivative of the right-hand term in (10)
with respect to pnk,u equal to 0. As a result, we have the
optimal pˆnk,u (11) where (x)
+ = max(0, x). Substituting
(11) into (10) and identifying the user which maximizes the
dual function among all Uk possible user assignments for
this resource block, we have the allocation scheme of this
resource block where rnk,u = log2(1 +H
n
k,upˆ
n
k,u).
The next step is to find the optimal Lagrangian variables
such that the function g(λ, ϑ, µ, η, ω) is minimized. However,
the dual function is not differentiable. Hence, the optimal
solution of dual variables can be updated iteratively applying
the subgradient method using (12)-(16).
In these update formulas, i is the iteration index i ∈
{1, 2, ..., Imax}, 1(i), 2(i), 3(i), 4(i), 5(i) are the positive
step sizes of Lagrangian variables. These step sizes should
meet the following requirement:
∞∑
i=1
l(i) =∞, lim
i→∞
l(i) = 0, ∀l ∈ {1, 2, 3, 4, 5} (9)
C. Iterative resource allocation algorithm
The iterative algorithm of resource allocation is described
in Algorithm 1.
D. Complexity analysis
For all resource blocks in all femtocells, a worst-case com-
plexity of searching (10) requires
∑Kf
k=1NUk operations in
each iteration. On the other hand, the update of the Lagrangian
variable λ, ϑ, µ, η, ω in (12)-(16) needs the same number
of
∑Kf
k=1NUk operations. Assume ∆ to be the number of
iterations. Thus, the total complexity of this algorithm is
O(∆N
∑Kf
k=1 Uk). This complexity is much lower than the
exhaustive search method, which entails a complexity of
O
(∑Kf
k=1(Uk)
N
)
. Furthermore, the Algorithm 1 can converge
rapidly to the optimal values if the initialization of the dual
variables and the step size are well chosen.
g
(n)
k (λ, ϑ, µ, η, ω) = maxp∈D
{ ∑
u∈DSk
(1 + µk,u) r
(n)
k,u −
Uk∑
u=1
(
λ
(m)
k + ϑ
(n)h
(n)
k,j
)
p
(n)
k,u
+
∑
u∈DTk
(
1 + ηk,u − ωk,u −
∑
u∈DT k
[ηk,u(1− αf )− ωk,u(1 + αf )] γk,u
)
r
(n)
k,u
}
(10)
pˆ
(n)
k,u =
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(
(1+µk,u)
ln2
(
λk+ϑ(n)h
(n)
k,j
) − 1
H
(n)
k,u
)+
, if u ∈ DSk
(
1+ηk,u−ωk,u−
∑
u∈DTk [ηk,u(1−αf )−ωk,u(1+αf )]γk,u
)
ln2
(
λk+ϑ(n)h
(n)
k,j
) − 1
H
(n)
k,u

+
, if u ∈ DT k
(11)
λk(i+ 1) =
[
λk(i)− 1(i)
(
Pmaxk −
Uk∑
u=1
N∑
n=1
pˆ
(n)
k,u
)]+
∀k (12)
ϑ(n)(i+ 1) =
ϑ(n)(i)− 2(i)
Ithn − Kf∑
k=1
Uk∑
u=1
aˆ
(n)
k,j pˆ
(n)
k,uh
(n)
k,j
+ ∀n (13)
µk,u(i+ 1) =
[
µk,u(i)− 3(i)
(
N∑
n=1
aˆ
(n)
k,j log2
(
1 +H
(n)
k,u pˆ
(n)
k,u
)
−Rmink,u
)]+
∀k, n ∈ DSk (14)
ηk,u(i+ 1) =
[
ηk,u(i)− 4(i)
(
N∑
n=1
aˆ
(n)
k,j log2
(
1 +H
(n)
k,u pˆ
(n)
k,u
)
− (1− αf )γk,uRDTk
)]+
∀k, n ∈ DT k (15)
ωk,u(i+ 1) =
[
ωk,u(i)− 5(i)
(
(1 + αf )γk,uRDTk −
N∑
n=1
aˆ
(n)
k,j log2
(
1 +H
(n)
k,u pˆ
(n)
k,u
))]+
∀k, n ∈ DT k (16)
TABLE I
SIMULATION PARAMETERS
Bandwidth, W 180 kHz/RB N 50
Channel Rayleigh fading Kf 4
Shadowing Indoor: 10 dB Rmin 9 bps/Hz
Outdoor: 8 dB Imax 50
Wall loss Indoor: 0 dB Ithn −110 dBm
Outdoor: 10 dB AWGN −174 dBm/Hz
Coverage radius Macro: 500 m DTk 2
Femto: 20 m DSk 2
Budget power Macro: 47 dBm Pathloss refer to [8]
Femto: 24 dBm
Algorithm 1 Iterative Resource Allocation Algorithm
1: Initialisation: Initialize Imax and Lagrangian variables
vectors λ,ϑ,µ,η, set i = 1
2: repeat
3: for k = 1 to Kf do
4: for n = 1 to N do
5: for u = 1 to Uk do
6: a) Update pˆnk,u according to (11);
7: b) Update gnk (λ, ϑ, µ, η, ω) and aˆ
n
k,u according
to (10);
8: end for
9: end for
10: Update λk according to (12);
11: for u = 1 to Uk do
12: Update µk,u, ηk,u, ωk,u according to (14-16);
13: end for
14: end for
15: for n = 1 to N do
16: Update ϑn according to (13);
17: end for
18: i = i+ 1;
19: until Convergence or i = Imax
IV. SIMULATION RESULTS AND DISCUSSION
A. Simulation parameters
All parameters used for the simulations are summarized in
the Table I. Additionally, femto base stations and all users are
assumed to be uniformly distributed in the cells.
The step sizes are chosen as:
l(i) =
A
i
∀l ∈ {1, 2, 3, 4, 5} (17)
where A is a constant and i is the iteration index.
B. Simulation results and discussion
Fig. 2 proves the convergence of our novel resource alloca-
tion scheme in terms of the total throughput of one femtocell.
It can be seen that the proposed scheme converges quickly
after only 7 iterations to the optimal solution. This result
ensures that the proposed resource allocation algorithm is
applicable in the femtocell heterogeneous systems.
Table II shows the power consumption of each femtocell
base station. We can see from the Table that each base station
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Fig. 2. Total capacity of all DS & DT users in one femtocell vs number of
iterations, αf = 0.05.
TABLE II
POWER CONSUMPTION OF BASE STATION IN EACH FEMTOCELL
Budget power = 0.25 W
Femtocell 1 Femtocell 2 Femtocell 3 Femtocell 4
0.2375 W 0.2454 W 0.2412 W 0.2404 W
consumes less power than the budget limit in all femtocells.
This result demonstrates that the constraint C3 is satisfied with
all femtocells.
Table III verifies the constraint C5. We can realize that the
femto-to-macro interference does not exceed the interference
threshold. On other words, the constraint of interference in C5
is satisfied for all resource blocks.
Table IV verifies the satisfaction of delay-sensitive user
constraint in C6. It is obvious that the delay sensitive data rates
TABLE III
CROSS-TIER INTERFERENCE IN ALL SUBCHANNELS
Threshold interference = -110 dBm
Largest interference Smallest interference
-110.6963 dBm -112.2560 dBm
TABLE IV
DATA RATE OF DELAY-SENSITIVE USERS IN EACH FEMTOCELL, Rmin = 9
(BPS/HZ)
Data rate (bps/Hz)
Femtocell 1 Femtocell 2 Femtocell 3 Femtocell 4
DS 1 10.4872 10.8429 10.6092 10.8026
DS 2 10.8258 10.7158 10.4111 10.7430
Rmin 9
TABLE V
DATA RATE OF DELAY-TOLERANT USERS IN EACH FEMTOCELL, αf = 0.05
WITH UPPER BOUND AND LOWER BOUND DEFINED BY (5)
Data rate (bps/Hz)
Femtocell 1 Femtocell 2 Femtocell 3 Femtocell 4
Upper bound 7.9406 8.7718 8.1696 8.0664
DT 1 7.5205 8.3703 7.7488 7.7244
DT 2 7.6044 8.3379 7.8124 7.6403
Lower bound 7.1843 7.9364 7.3915 7.2982
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Fig. 3. Comparison of the complexity of the proposed algorithm and the
exhaustive search method.
satisfy the minimum data rate guarantee. This requirement is
met in all femtocells.
Table V verifies the requirements of constraints C8 and C9.
The data rate of each delay tolerant user in all femtocells falls
in the interval of upper bound and lower bound defined in C8
and C9. On the other words, constraints C8 and C9 are also
satisfied.
Fig. 3 proves the effectiveness of the proposed algorithm
in terms of complexity which is analysed in Section III-D. It
can be seen that the complexity of the proposed method is
significantly lower than the exhaustive search method.
Fig. 4 compares the performance of the proposed algorithm
to the existing algorithms [4], [5]. The algorithm in [4] is near-
optimal with two separate phases of subchannels and power
allocations. Meanwhile, the time-sharing relaxation technique
in [5] renders easily the intra-femtocell interference. As a
result, the performance of these works are not better than the
proposed algorithm which is globally optimal without time-
sharing. This performance gain was observed and verified for
different values of relaxation coefficient, αf .
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Fig. 4. Comparison between the proposed algorithm and the existing
algorithm [4], [5] in terms of the total capacity of all femtocells.
V. CONCLUSION
We proposed an iterative resource allocation algorithm that
can jointly allocate resource blocks and power in a femtocell
HetNet. The resource allocation algorithm gives the globally
optimal solution that maximizes the total femtocell throughput
while satisfying the constraints of cross-tier interference and
heterogeneous service. Moreover, the throughput obtained by
the proposed algorithm significantly overperform the existing
algorithms [4], [5]. In addition, the complexity of the proposed
scheme is low, which makes it practically valuable. For future
works, the inter-femtocell interference will be taken into
account in the resource allocation problem in cases of dense
deployment.
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